We characterize the methodology of, and a possible way to enhance, the capacitance of carbon nanotube ͑CNT͒ electrode based electrochemical capacitors. Argon irradiation was used to controllably incorporate extrinsic defects into CNTs and increase the magnitude of both the pseudocapacitance and double-layer capacitance by as much as 50% and 200%, respectively, compared to untreated electrodes. Our work has implications in analyzing the prospects of CNT based electrochemical capacitors, through investigating ways and means of improving their charge storage capacity and energy density. © 2009 American Institute of Physics. ͓doi:10.1063/1.3258353͔
Carbon nanotubes ͑CNTs͒ have been proposed for electrodes in electrochemical capacitors ͑ECCs͒/supercapacitors primarily due to their large surface area and abundance of reaction sites [1] [2] [3] [4] [5] with the possibility of large charge storage capacity and capacitance ͑C͒. Consequently, in an electrolyte where electrochemical reactions can occur over a wide voltage range ͑V͒, large energy densities 1,2 ͑W͒ per unit mass ͑m͒ can be achieved through W = ͑CV 2 ͒ / ͑2m͒. While possessing superior power densities due to the capability of fast charge/ discharge, presently CNT based ECCs have lower energy densities ͑1-10 W h/kg͒ compared to batteries 3,6 ͑with 10-100 W h/kg͒, making them less competitive with the latter technology. In this paper, we aim to probe the total CNT capacitance ͑C T ͒ and suggest ways through which it can be improved. Consequently, we focus on the accurate characterization and analysis of the electrostatic/double layer 7 ͑C dl ͒ and faradaic/pseudocapacitive 8 ͑C p ͒ components of C T . It should be noted that C dl arises primarily due to charge separation across the electrode/electrolyte interface while C p requires adsorption of electroactive species coupled with charge transfer. 8 We then suggest a method aimed at increasing C dl and C p , based on the controlled introduction of defects into the CNTs through argon irradiation. Characterization of the CNT electrodes through Raman spectroscopy and cyclic voltammetry ͑CV͒ was used to understand the contributions to C T .
Vertically aligned CNT mats were grown via thermal chemical vapor deposition at 615°C on Si substrates, using a 5 nm thick Fe catalyst. A feed gas mixture composed of 50 SCCM acetylene for 1 min ͑SCCM denotes standard cubic centimeter per minute͒ and 500 SCCM argon was employed. Through scanning electron microscopy and transmission electron microscopy ͑TEM͒, the synthesized CNTs were determined to be 100Ϯ 5 m long with a diameter of 17Ϯ 3 nm, with 200Ϯ 10 nm separation ͓Fig. 1͑a͔͒. With the aim of investigating how defects create additional reactive sites and affect charge capacity, the as-grown CNT samples were then subject to argon irradiation under various conditions in a reactive ion etching chamber. We report results on CNT samples subject to an argon flow rate of 10 SCCM, under a background pressure of 30 mTorr, and applied power of 100 W for 30-90 s of irradiation. Raman spectroscopy analysis, using a 514.5 nm, 1.49 mW Ar ion laser ͑Renishaw͒, was used to monitor the influence of the argon exposure on CNT structural order and charging characteristics. The performance of the CNTs as electrodes was then characterized through CV experiments using a PCI4-300 potentiostat ͑Gamry Instruments͒ where the CNTs were used as the working electrode, with Pt as the counterelectrode and a standard calomel electrode ͑SCE͒ as the reference electrode- Fig. 1͑a͒ . The electrochemistry of the CNTs was probed over a voltage range of Ϫ0.4 to 0.8 V using K 3 Fe͑CN͒ 6 ͑0.5-10.0 mM͒ in a KCl ͑1M͒ supporting electrolyte over a scan rate range of 5-100 mV/s. This range was carefully chosen to eliminate the possibility of hexacyanoferrate complex adsorbate formation on the electrodes which could possibly affect electron transfer kinetics.
We observed that argon irradiation could be used to tune the number of defects in CNTs through monitoring the changes in the Raman peak intensities and peak widths ͓Fig. C-C bonds͒ to the integrated G-peak intensity ͑at ϳ1580 cm −1 , from the linear stretching of the sp 2 bonds͒, ͑I D / I G ͒ L was used to determine the defect correlation length ͑L a ͒, as defined through the Tuinstra-Koenig relation 9 L a ͑nm͒ = 4.4/ ͑I D / I G ͒ L and characterize the defect density ͓Fig. 1͑b͒ and Table I͔ . It was seen that with increasing argon exposure, L a decreases ͓Fig. 1͑b͔͒, indicating an increase in the number of defects on the CNTs. The G-peak width also broadens due to argon exposure, as indicated by the enhanced full width at half maximum ͑⌬ G ͒ in Table I , and is upshifted in frequency suggestive of CNT charging. 10, 11 It is thought that the upshift is due to electron density being abstracted away from the carbon-carbon bonds effectively decreasing the bond length 12 and increasing the vibration frequency. Additionally, a decreased ⌬ D could indicate a more uniform distribution of the defect energies.
We hypothesize that tuning the CNT charge and defect densities through argon irradiation can influence both C dl and C p . We probed the electrochemical characteristics of asprepared and defect tuned CNTs in CV by deconvoluting the total capacitive current I T ͑=C T v͒, into contributions from the double-layer and pseudo-capacitive currents ͑I T = I dl + I p ͒ using standard procedures, where v is the scan rate. 13, 14 To quickly summarize, the values of I dl and I p were carefully determined by first linearly fitting the current baseline ͑I C ͒ and then calculating I p ͓=I͑E p ͒ − I C ͔ and I dl ͑=I C,cathodic − I C,anodic ͒ ͓Fig. 2͑a͔͒, where E p is the voltage at which the current due to the faradaic reaction is maximum.
From 18 n is the number of electrons transferred for a given redox reaction, and B ͑/BЈ, see TABLE I. Characterization of untreated ͑time= 0͒ and argon irradiated CNTs through Raman spectroscopy. were then used to extract the individual values of C p and C dl for both untreated and argon exposed CNTs, which have then been tabulated as a function of scan rate ͑Table II for C p ͒ and concentration ͑Tables III and IV for C p and C dl , respectively͒. The error bars for all the determined values have been estimated through the standard deviation of the sample data over multiple measurements. As expected, larger values of C p are manifested at smaller scan rates ͑Table II͒. It was interesting then to note a monotonic increase in C p with increased argon exposure, with an ϳ50% rise at a given , e.g., ϳ255 F / cm 2 enhanced to ϳ395 F / cm 2 at 5 mV/s, and ϳ82 F / cm 2 enhanced to ϳ116 F / cm 2 at 100 mV/s. The influence of argon irradiation in increasing both C p and C dl was also seen as a function of the K 3 Fe͑CN͒ 6 concentration. For a particular CNT treatment ͑i.e., as synthesized or argon exposed͒ C p increases with concentration ͓Fig. 2͑c͒ and Table III͔, in accordance with the RandlesSevcik equation. A further enhancement of C p by 30%-60%, at any given concentration, was seen due to the argon, presumably due to the creation of additional electroactive defects and reactive sites. The C p increase was correlated with the decreased L a ͓Fig. 2͑d͔͒, which again indicates the importance of defects for increased charge storage. However, the influence of argon seems to be even more strongly felt through a 120%-200% increase in C dl ͑Table IV͒, e.g., ϳ3 F / cm 2 enhanced to ϳ10 F / cm 2 at 0.5 mM, and ϳ23 F / cm 2 enhanced to ϳ58 F / cm 2 at 10 mM. The change of the ambient conditions around the electrode as a function of CNT exposure to argon can also be indicated through a reduced L D , which was estimated from C dl ͑Table IV͒. For example, it was noted that the changes in C dl with concentration was due to the changes in the Debye length ͑͒, 7 where we found that the ͑ϳ1 / ͱ c i ͒ was approximately equal to L D . Essentially, an increased number of reaction sites allows for a greater ion concentration around the electrode and concomitantly higher residual charge. The values of C dl were then slightly larger than previously observed 1 due to a decreased L D .
Ar irradiation times ͑s͒
In summary, we have shown that argon irradiation of CNTs could be used to further increase the total capacitance of CNT based electrodes, possibly due to the introduction of electroactive reaction sites, through an individual enhancement of both the double-layer and pseudo-capacitive components. Such a strategy of artificial introduction of defects 19 may be able to harness the electrical conductivity of the CNTs along with an enhanced effective specific surface area.
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